INTRODUCTION {#s1}
============

The *in vivo* neutron activation analysis method (IVNAA) provides an elemental profile of body composition that is independent of the molecular or chemical structure of the tissue. With the neutron activation method, the sample is bombarded with neutrons; consequently, the radioactive isotopes that emit the characteristic gamma rays will be formed. Comparison of the intensity of these gamma rays with those emitted by a standard permits a quantitative measure of the concentrations of the various nuclides \[[@RRS124C1]\].

In 1964 Anderson *et al.* showed that neutron activation analysis could be applied to the measurement of total body elements \[[@RRS124C2]\]. The clinical and biological application of the neutron activation method has since been actively pursued for over four decades. However, a basic problem with this technique is obtaining uniformity of neutron activation probability in the body \[[@RRS124C3], [@RRS124C4]\]. Neutron activation probability, called hereafter activation probability, is the probability that neutron radiation induces radioactivity in material. Naturally, various isotopes are distributed non-uniformly throughout the body. This means that the concentration of a certain isotope in a specific organ may be higher than in others. Assuming the activation probability is invariable over the sample, photon emission from a part of the body will directly correspond to isotope abundance in that part. Thus, it is possible to estimate the amount of isotopes in the body, if uniform detection of induced photons is performed.

For the majority of isotopes, the probability of thermal neutron capture is higher than fast neutron capture. Therefore, fast neutrons have a negligible share of the activation process. Thereby, accurate measurement using IVNAA depends upon obtaining uniform thermal neutron flux (see uniformity section).

Nevertheless, because of low penetration depth of thermal neutrons, especially for large samples such as the human body, neutrons with higher energy (epithermal and fast) are required \[[@RRS124C5]\]. They lose their energy and fall into the thermal range as they penetrate into the different body tissues. The feedback effect of a body on an external neutron field is a well-known phenomenon called self-shielding \[[@RRS124C6]\]. Therefore, thermal neutron flux and, consequently, activation rate in tissues depend on incident neutron spectrum and the anatomical characteristics of the body.

Incident spectrum depends on the types and the positions of neutron sources that are employed. The construction of the irradiation facility may also change the incident spectrum on the body surface. So the configuration of the system should be studied as well as neutron sources. Although, none of the irradiation facilities used for IVNAA is identical, decreasing the systematic error by increasing uniformity is an important aim in many of them. Various investigators have coped with this problem by optimizing the incident neutron spectrum. In 1967 Battye and his colleagues used a deuterium-tritium neutron (DT) generator to investigate thermal neutron flux profiles \[[@RRS124C7]\]. One year later, Chamberlain opted for a cyclotron (with a mean energy of approximately 3 MeV) as a neutron source to provide uniform distribution in a human cadaver \[[@RRS124C3]\]. In the same year, Palmer *et al.* compared a DT generator (14 MeV) and a cyclotron (average neutron energy was about 2 MeV) due to uniformity of activation probability in a large sample. They found that in order to get an approximately uniform flux throughout the thickness of the body, fast neutrons must be used \[[@RRS124C8]\].

The main basis for research in the 1970s was to design a facility that would increase the uniformity of thermal neutron flux in water phantoms \[[@RRS124C9], [@RRS124C10]\]. In order to improve the uniformity of depth distribution in the sample, the phantom was surrounded by hydrogenous material in all of this research. In 1973 Cohn *et al.* discussed the selection of neutron sources in total body neutron activation considering articles thitherto published \[[@RRS124C11]\]. According to this report, when bilateral irradiation is employed, the most uniform distribution is obtained with moderated 14 MeV neutrons. (α,n) sources such as ^238^Pu-Be and ^241^Am-Be produce a reasonably uniform distribution. This rather uniform distribution, coupled with the advantage gained through the use of a relatively low energy incident neutron (advantage factor = 2.1 relative to 14 MeV neutrons), renders the use of (α,n) sources attractive for total body neutron activation. An additional benefit accrues from the ease of operation and reproducibility inherent in constant-output radioactive neutron sources \[[@RRS124C11]\].

In the early 1980s, due to a lack of professional codes and advanced technology, research on this subject came to a halt for 10 years. The development of computers and calculation codes made simulation a strong instrument in nuclear medicine. Dr IE Stamatelatos is one of the researchers who used simulation to improve the IVNAA system. In 1992 and 1993 he presented results from a study comparing neutrons produced from (α,n) reactions and spontaneous fission sources on increasing uniformity. In addition, he amended the flux profile by simultaneously applying a reflector and pre-moderator \[[@RRS124C12], [@RRS124C13]\].

The Neutron Activation Research Centre (NARC) of Ferdowsi University of Mashhad tried to develop an IVNAA facility to study body composition at the Monash Medical Center \[[@RRS124C14]\]. This apparatus was designed to simultaneously measure total body nitrogen and chlorine in children. This work focuses on the measurement of total body chlorine in children.

In 2009 Miri *et al.* showed that thermal neutron flux and activation rate are higher for ^252^Cf, however, (α,n) sources (specially ^241^Am-Be) provide better uniformity. Four collimator materials (paraffin, borated paraffin, graphite and heavy water), two collimator shapes (pyramidal and rectangular) and two configurations (unilateral and bilateral) were investigated in the same work \[[@RRS124C5]\]. In addition, the effects of collimator aperture dimensions, presence or absence of the pre-moderator (PM) and reflector/moderator (R/M) and optimum thickness required to provide uniform distribution in a water phantom were surveyed in the next article \[[@RRS124C15]\]. The archetype used in the presented work is according to these studies. The other essential factor that should be considered is the human body. The size and shape of various regions of the human body cause thermal neutron flux to be dispensed non-uniformly. In addition, because of heterogeneities in the medium of different regions of the phantom, the thermal neutron flux profile may change and become non-uniform, even if the phantom has a simple symmetrical shape. Therefore, simulation using a more realistic body model rather than a water phantom is necessary.

Unfortunately, increasing the uniformity of thermal neutron flux will have a high cost. Using fast neutrons to improve uniformity, the dose delivered to the body increases \[[@RRS124C5], [@RRS124C16]\]. In addition, the activation of materials used in the facility may affect detector spectrum \[[@RRS124C17]\]. Thus, uniformity, absorbed dose and gamma spectrum should be inspected simultaneously.

In this work, in order to investigate activation rate distribution, we tried to improve the uniformity of thermal neutron flux in the 5-year-old stylized phantom described by Oak Ridge National Laboratory (ORNL) \[[@RRS124C18]\], by changing PMs and collimators. Different materials and thicknesses of PMs and collimators were examined. Finally, the facilities\' properties such as uniformity parameters of thermal neutron flux distribution and the mean values of thermal neutron flux and activation rate distribution in the body, received dose to the patient, and the secondary photons contributing to the detected spectra were studied.

MATERIALS AND METHODS {#s2}
=====================

The initial step in the study of PMs is the evaluation of the thermalizing capability of different materials. To assess the appropriate choice of PM material, nine materials (water, paraffin, graphite, heavy water, borated paraffin, beryllium, aluminum, Teflon and Fluental) with three different thicknesses were investigated.

After determining PM material considering collimator as a neutron multiplier, six other facilities were studied too. In each part, uniformity indexes, mean values of thermal neutron flux and activation rate, and effective dose in the phantom as well as detected gamma rays were calculated using MCNPX code.

This section will first describe the facility, the changes made to the initial system and phantom characteristics in detail. Subsequent topics below highlight brief discussions about the main parameters used to compare different setups and Monte Carlo simulation details.

Facility description {#s2a}
--------------------

The archetypal IVNAA facility was designed according to the Monash Medical Center\'s system in Australia \[[@RRS124C14]\]. The bilateral rectangular shape collimator contains graphite with four ^241^Am-Be neutron sources, each containing 146.07 GBq (3.95 Ci). A concrete shield surrounds the collimator to protect the IVNAA operator. Two pairs of 10 cm × 10 cm × 15 cm NaI(Tl) detectors are positioned on both sides of the scanning bed, along a horizontal axis perpendicular to the vertical neutron beam. Each detector is shielded from neutrons by 2.5-cm-thick borated-paraffin housing. In addition, there are two lead sheets on the collimator to protect the detectors from undesirable gamma rays. To increase thermal neutron flux at the lateral surfaces, and to reduce neutron loses, R/M objects, which cover the sides of the phantom, were prepared. Figure [1](#RRS124F1){ref-type="fig"} shows schematic views of the irradiation facility. In this setup, the bottom PM was considered as the patient bed. So, a solid container should be taken into account if the proposed PM is liquid (such as water and heavy water). The container was ignored in this work. Fig. 1.Schematic view of the irradiation facility: (**A**) 3D-dimensional view; (**B**) a cross-sectional view. Only one pair of detectors and sources can be seen in this view.

### Pre-moderator {#s2a1}

PM is a material inserted between the neutron source and the sample, in order to improve the thermal flux uniformity. Thermal neutron flux will not increase in the phantom unless the PM also has a high capability to moderate fast neutrons and small scattering angles. Due to the position of the PMs in the facility (the top and bottom of the phantom), PMs may increase thermal neutron flux in the surface layers of the body and smooth the depth distribution. Elastic scattering is a suitable way to decrease neutron energy. A good moderator is made of materials with low mass numbers. In addition, according to Equation 1, lighter materials have small scattering angles: Where ψ is the scattering angle of the neutron in the laboratory coordinate system, and *A* is atomic mass of the moderator \[[@RRS124C19]\]. As a result, hydrogenous materials such as water, paraffin and borated paraffin may be appropriate choices for moderating fast neutrons \[[@RRS124C8], [@RRS124C20]\]. With the capture of slow neutrons in hydrogen and inelastic scattering of carbon, 2.23 MeV and 4.43 MeV gamma rays are emitted, respectively. High photon production not only corrupts the detector spectra, but also may increase the delivered dose.

Figure [2](#RRS124F2){ref-type="fig"}A to D shows the macroscopic cross-sections of total, elastic, absorption and (n,2n) interactions of neutron with some compounds used in this paper \[[@RRS124C21]\]. It is clear that the elastic scattering cross-sections of water and paraffin (Fig. [2](#RRS124F2){ref-type="fig"}B) are greater than all mentioned materials except beryllium (Be). Such large cross-sections together with good thermalizing capability cause neutron energy to decrease. Fig. 2.Macroscopic cross-section of neutron interactions with some compounds used in this paper: (**A**) absorption; (**B**) elastic scattering; (**C**) total; (**D**) (n,2n).

After hydrogen, which is composed of a single proton, deuterium is the lightest nucleus. So heavy water should be a good moderator \[[@RRS124C22]\]. Moreover, neutron capture by deuterium produces a prompt gamma ray of 6.25 MeV, but with a cross-section less than hydrogen by a factor of about 640 \[[@RRS124C23]\]. Besides, heavy water has the smallest values of neutron absorption among all the other materials, so thermal neutrons can penetrate into it with negligible attenuation (Fig. [2](#RRS124F2){ref-type="fig"}C).

Graphite and Be are also light nuclei with great elastic scattering cross-sections (Fig. [2](#RRS124F2){ref-type="fig"}B) and comparatively small absorption cross-sections (Fig. [2](#RRS124F2){ref-type="fig"}C). On the other hand, Be has a high (n,2n) cross-section and can reduce neutron energy (Fig. [2](#RRS124F2){ref-type="fig"}D). So, these materials can be considered for PM.

Some other materials, which are usually used as moderators in Boron Neutron Capture Therapy (BNCT) facilities to provide epithermal neutron fluxes, are aluminum (Al), Fluental and polythetraflouroethylene (CF~2~), commercially known as a Teflon \[[@RRS124C24], [@RRS124C25]\]. Fluental is a patented material with composition AlF~3~ (69%), Al (30%) and LiF (1%) that was developed in Finland for reactor-based BNCT \[[@RRS124C26]\]. Hence, these PMs were also checked. As can be seen from Fig. [2](#RRS124F2){ref-type="fig"}, Fluental and Teflon have elastic scattering and total (which includes inelastic scattering) cross-sections presenting complementary resonances that allow the efficient reduction of the energy of fast neutrons. Moreover, Fig. [2](#RRS124F2){ref-type="fig"}A shows that the absorption cross-sections in the low energy range of Teflon are relatively low.

Except for Al, Fluental and Teflon, which are usually used with high thicknesses, other PMs were evaluated with three different thicknesses of 0.5 cm, 1.0 cm and 3.0 cm. For Al, Fluental and Teflon high thicknesses of 5.0 cm, 7.0 cm and 10.0 cm were studied.

### Collimator {#s2a2}

The collimator is a part of the system that steers neutron streams emitted from sources to the phantom. Enhancing neutron flux on the body, the collimator should be a good reflector. So, it should have a large scattering angle to prevent neutrons from escaping from the system. In consequence, based on equation 1, collimator material must have a large atomic mass. One goal of the present investigation was to use a collimator as a reflector and multiplier simultaneously to provide uniform distribution of thermal neutron flux.

For this purpose, a surface layer of the collimator was replaced with materials with a large atomic mass and high (n,2n) cross-section such as beryllium (Be), lead (Pb) and bismuth (Bi) (see Fig. [2](#RRS124F2){ref-type="fig"}D). Results were compared with the initial facility in the following section.

Characteristics of the phantom {#s2b}
------------------------------

A mathematical/numerical phantom is a mathematical representation of the human body and includes all relevant information. All organs are represented with analytical geometry bodies (e.g. cylinders, ellipsoids, cones), which are described with suitable mathematical equations. The corresponding chemical composition of various types of organ tissues is also defined.

The generation of the anatomical phantoms originated at Oak Ridge National Laboratory (ORNL). Until now researchers have introduced several revised versions of these models \[[@RRS124C27], [@RRS124C28]\]. In this study, we modified the ORNL 5-year-old phantom, which concludes the revisions reported by Han *et al.* in 2006, and the thyroid model provided by Ulanovsky was simulated with MCNPX \[[@RRS124C29], [@RRS124C30]\].

This phantom has a length of 110 cm, width of 30 cm and a depth of 16 cm. The geometry of the sample was constructed with four major parts: (i) an elliptical cylinder representing the trunk and arm; (ii) a half ellipsoid placed on top of an elliptical cylinder as a head; (iii) another elliptical cylinder between the head and trunk representing the neck; and (iv) two truncated circular cones that represent the legs and feet \[[@RRS124C17]\]. The elemental composition and density of three major body tissues (skeletal, lung and soft tissue) were chosen from Table A-1 of ORNL/TM8381 \[[@RRS124C27]\].

Uniformity {#s2c}
----------

A basic problem with IVNAA technique is obtaining uniformity of activation rate distributions in the body. As aforementioned, the spectrum of gamma rays, which emerge immediately after activation, is analyzed to determine the amount of the quantity of some isotopes. Thus, more emitted photons from a certain organ than from others implies a higher concentration of isotope in that organ. An accurate measurement requires ideally that activation probability is the same for all atoms of a specific isotope, irrespective of location in the body or of the body shape. Since thermal absorption cross-section is much higher than fast absorption cross-section for the majority of the nuclei, one can ignore the contribution of the fast neutrons to the activation rate. Hence the relationship between activation rate density (A) and thermal neutron flux (φ) is as follows \[[@RRS124C31]\]: Where *N* is the number of nuclei per unit volume and σ~th~ is the microscopic cross section for thermal neutrons. As can be observed, if the activation probability, which is equal to the product of the microscopic cross-section and neutron flux, is constant; activation rate density will be proportional to *N*.

Generally, the coefficient of variation (CV) is used to evaluate the uniformity of thermal neutron distribution. CV looks at the variability of data points and estimates the deviation of data from the mean value: Where σ~x~ and are the standard deviation and mean, respectively. The CV value, as is often with such reports, is expressed in percent. The aim of this work is reduction of CV value to around 10%, by designing an appropriate combination of PM and collimator in the facility. Another parameter that could be useful to study the data dispersion is Maximum to Minimum Ratio (MMR). This parameter is also reported in this paper.

Additional useful instruments to study uniformity are Cumulative Volume Histograms (CVH) of thermal neutron flux and activation rate. The purpose of a CVH is to summarize some 3D distributions in a graphical 2D format. By way of illustration, the CVH of the activation rate is plotted with bin activation rates along the horizontal axis and the column height of each bin represents the volume fraction (in percent) of structure activating with greater than or equal to that rate. With very fine bin sizes, the CVH of the activation rate takes on the appearance of a smooth line graph. The lines always slope and start from top-left to bottom-right. If the activation rate is distributed homogenously the CVH of the activation rate will appear as a horizontal line at the top of the graph \[[@RRS124C32], [@RRS124C33]\].

Dosimetry {#s2d}
---------

Effective dose provides an approximate indicator of potential detriment from ionizing radiation. In accordance with ICRP publication 103, effective dose (*E*) is obtained by the following equation \[[@RRS124C34]\]: Where D~T,R~ (organ absorbed dose) is the quotient of deposited energy due to radiation of type *R* in the volume of a specific organ or tissue *T* by its mass. The SI unit of organ absorbed dose is J kg^−1^, and the special name for the unit is the gray (Gy). Effective dose is often expressed in sievert (Sv), so that 1 Sv = 1 J kg^−1^.

Also, *w*~*R*~ and *w*~*T*~ are the appropriate radiation weighting factor and tissue weighting factor, respectively \[[@RRS124C34]\]. In order to determine the radiation weighting factors with high accuracy, it is essential to specify the exact energy of incident neutrons on the body. In an IVNAA facility, however, the incident energy spectrum of neutrons on the body will be difficult and time consuming to specify, because of the changes in the incident neutron energy spectrum in the presence of the collimators, moderators and reflectors. There is another method that can estimate effective dose with an acceptable approximation (Araghian N, Rafat Motavalli L, Miri Hakimabad H. Optimization of the BCA facility using the γ shield and improvement of accuracy using ORNL anthropomorphic phantoms (To be submitted), <http://profsite.um.ac.ir/~mirihakim/14th%20IVNAA%20Project.pdf>). The effective dose can be ascertained using the organ dose equivalent (): Where *Q*~*R*~ is the quality factor for particles as a function of energy at the tissue location of interest \[[@RRS124C34]\]. This was examined in real systems such as the IVNAA facility in a comprehensive study in NARC and has been verified (Araghian N, Rafat Motavalli L, Miri Hakimabad H. Optimization of the BCA facility using the γ shield and improvement of accuracy using ORNL anthropomorphic phantoms (To be submitted), <http://profsite.um.ac.ir/~mirihakim/14th%20IVNAA%20Project.pdf>).

In this study, the neutron quality factors were chosen from the NCRP 38 report \[[@RRS124C35]\]. Figure [3](#RRS124F3){ref-type="fig"} shows the neutron quality factors that were reported in NCRP 38. Since the quality factors for photons are equal to one at any energy level, the organ absorbed doses due to photons and their organ dose equivalents are the same. Furthermore, the tissue weighting factors were selected from the ICRP 103 report \[[@RRS124C34]\]. Fig. 3.Neutron quality factors versus energy, which were previously reported in NCRP 38.

For two setups that are somewhat similar in terms of uniformity, setups with lower effective dose and higher mean value are preferred. To compare such situations, the ratio of thermal neutron flux to effective dose, which is known as sensitivity, should be calculated. It is clear that the greater sensitivity means a lower effective dose is received by the patient during irradiations for IVNAA.

Secondary photons {#s2e}
-----------------

In an IVNAA system, in addition to the sample, other parts of the facility are also exposed to the neutron sources and so, may be activated. Some of the produced photons in these parts travel a relatively short distance, whereas others pass through or penetrate the facility. Thus, detectors may confront gamma rays not only from the sample, but also from other parts of the setup, which may corrupt the spectrum. In order to have a reliable detection, an ideal spectrum should be extracted from the final detector spectrum. The ideal situation is a situation in which all gamma rays that reach the detector are solely from the sample, omitting all of the gamma rays that are produced in other parts of the system. This situation can be simulated when photon production is turned on only in the phantom. The evaluated spectrum can be analyzed and calibrated to measure the precise amount of sample elements \[[@RRS124C17]\]. If the energy of the secondary photons that were produced inside the different components of the facility lie in the region of interest (ROI), distinguishing the ideal peak will be difficult. This paper focuses on chlorine, the ROI in the spectrum data is between about 5.5 MeV and 8.00 MeV \[[@RRS124C23]\].

To investigate the effect of the proposed PM and/or collimator on the detected spectrum, study of the photons that reach the detector from these parts is necessary. For this purpose, photon production was turned on in just the phantom and PM and/or collimator and obtained spectra were compared with the ideal situation. It is essential to note that detector spectra obtained under these conditions are not the real ones, because the photons produced in other parts of facility were ignored.

Monte Carlo simulations {#s2f}
-----------------------

The basis of the design studies were neutron transport calculations performed using the Monte Carlo N-Particle code, MCNPX 2.4.0. MCNPX is a general purpose Monte Carlo radiation transport code for modeling the interaction of radiation with materials \[[@RRS124C36]\]. The verification of the models was approved by comparing the results with experimental ones in previous work \[[@RRS124C5]\]. The cross-sections used in this study were chosen from the ENDF/B-VI libraries \[[@RRS124C21]\]. Molecular effects and scattering treatment, S(α,β), were considered for neutrons below 4 keV (MTm card) in all calculations that included neutron transport. The neutron energy spectrum was simulated, according to the report by Kluge *et al.* published in 1982 \[[@RRS124C37]\], and gamma rays of ^241^Am-Be were chosen based on a previous study by Miri *et al.* \[[@RRS124C38]\].

To analyze volumetric distributions and evaluate their uniformity index, it is necessary to divide the phantom into adequately small volume elements and determine thermal neutron flux and activation rate in each of them. Nevertheless, miniaturizing volume elements is restricted because if cell dimensions are very small, the numbers of statistical errors in the reasonable time would be large. Thus, the phantom was partitioned by a 3D rectangular mesh grid into about 23 000 volume elements of 1 cm × 1 cm × 1 cm. Neutron flux values were calculated using track averaged mesh tallies (keyword: flux) and activation rates were determined using the same mesh tallies together with the appropriate FM card. Then neutron flux in the range of thermal energies (E \< 5 × 10^−7^ MeV) was also scored in meshes. The statistical uncertainties of thermal neutron flux and activation rate were around 2.5% and running time lasts over 6 days.

Since IVNAA is used with humans, dose calculation is very important. Therefore, energy deposition in separate organs (organ absorbed dose) and effective dose for the whole body were computed. To estimate absorbed dose in each organ, track length estimation of energy deposition (F6) was employed. Also, the organ dose equivalent was obtained by the product of the absorbed dose in quality factors using DE and DF cards. Neutron and neutron-induced photon doses due to the neutron source as well as the photon dose due to the photons directly emitted from the source were calculated separately. It should be noted that for the ^241^Am-Be source, the ratio of photons per neutron emission is 0.591 \[[@RRS124C39]\]. Thus, the values obtained from the photon source must be multiplied by this correction factor.

To study the effect of secondary photons produced in the region investigated on an ideal spectrum, it is necessary to run other MCNP simulations. In these programs, a PWT card was applied and track length tally (F4) was utilized to determine photon flux in the detectors. The PWT card is used to control the number and weight of neutron-induced photons produced by neutron collisions \[[@RRS124C40]\]. Analyzing the effect of changing the type and thickness of the PM and/or collimator on ideal spectrum, secondary photon production was turned off all over the system except in the phantom and these parts of the facility. Detector spectra were compared for photon energies lower than 7 MeV with statistical error of the order of about 5%, in most cases even less. To consider detector resolution, the initial responses of the MCNP calculation were broadened with a FT card together with the GEB (Gaussian Energy Broadening) option using appropriate indices of the experimentally applied detector \[[@RRS124C38]\].

All calculated values were normalized by number of neutrons emitted (in 4π steradians) by ^241^Am-Be sources during a time interval of 1 min. To do this, the values of the simulated data presented in this work were multiplied by factor of about 2 × 10^9^ (min^−1^), which is equal to the product of: 4 (source number) × 5.9 × 10^−5^ (Bq.s)^−1^ (neutron yield per decay) × 146.07 GBq (source activity) × 60 (s.min^−1^).

RESULTS {#s3}
=======

Results were classified into three categories: (i) pre-moderator; (ii) collimator; and (iii) final setup. The 'pre-moderator' section focuses on the effect of the type and thickness of PM on the activation rate distribution inside the phantom. Uniformity and dosimetry parameters were computed for several setups that were different in terms of type and thickness of PM. After selection of PM material, a surface layer of the collimator was replaced with materials that are good neutron multipliers. In the second section, the type and thickness of the multiplier layer and the thickness of the PM were changed simultaneously. After comparing main parameters (uniformity, dosimetry and detector spectrum), a final facility was proposed.

Pre-moderator {#s3a}
-------------

Table [1](#RRS124TB1){ref-type="table"} lists the CV percentage, MMR and mean values of thermal neutron flux for different PM materials. To estimate the quantity of elements, the activation rate values are needed. These values, which were obtained by multiplying activation rate density by volume element (1 cm^3^), are presented in Table [2](#RRS124TB2){ref-type="table"}. Attending to dosimetry considerations, effective dose and sensitivity are also provided in this table. Three thicknesses were evaluated to simplify the initial estimation. The statistical errors of mean value and effective dose are about 0.01% and 0.5%, respectively. Table 1.Uniformity indexes and mean value of thermal neutron flux with different types and thicknesses of PMPM typeCV%MMRMean value of thermal neutron flux (×10^5^ min^--1^)0.5 cm1.0 cm3.0 cm0.5 cm1.0 cm3.0 cm0.5 cm1.0 cm3.0 cmParaffin15.613.912.62.62.62.61.972.031.89Graphite19.018.015.92.72.62.51.801.81.76Heavy water18.717.514.92.62.62.51.801.821.83Water16.214.312.62.62.52.51.942.001.94Borated-paraffin20.821.0118.93.33.63.61.661.511.11Beryllium18.317.014.72.62.52.61.831.841.85Aluminum20.019.719.52.72.72.81.771.741.64Fluental20.320.422.02.82.93.31.731.661.47Teflon19.018.015.92.62.52.41.781.771.72Without20.22.71.79 Table 2.Mean value of activation rate and dosimetry parameters with different types and thicknesses of PMPM typeMean value of activation rate (×10^3^ min^--1^)Effective dose (μSv.min^--1^)Sensitivity (×10^4^ μSv^--1^)0.5 cm1.0 cm3.0 cm0.5 cm1.0 cm3.0 cm0.5 cm1.0 cm3.0 cmParaffin4.144.284.0119.117.612.91.031.151.47Graphite3.763.763.7020.019.616.90.900.921.04Heavy water3.813.833.8719.518.514.80.920.981.24Water4.104.244.1219.418.114.11.001.111.38Borated-paraffin3.453.163.4519.117.613.00.870.860.85Beryllium3.833.873.9119.618.514.80.931.001.25Aluminum3.703.643.4520.119.517.60.880.890.93Fluental3.623.473.0619.919.016.00.870.870.92Teflon3.743.723.6219.919.116.30.890.931.06Without3.7620.630.87

Al, Fluental and Teflon are typically used with high thicknesses for moderating. The results obtained with high thicknesses of these materials are presented in Tables [3](#RRS124TB3){ref-type="table"} and [4](#RRS124TB4){ref-type="table"}. In order to compare the different materials in terms of neutron-induced photon production, detector spectra in different situations are indicated in Fig. [4](#RRS124F4){ref-type="fig"}. These spectra belong to the facilities, which are similar in terms of thickness of PM (1.0 cm) but with different types of PM. Fig. 4.Detector spectrum using different PMs with similar thicknesses (1.0 cm). Table 3.Uniformity indexes and mean value of thermal neutron flux with aluminum, Fluental and Teflon used as PMs with high thicknessesPM typeCV%MMRMean value of thermal neutron flux (×10^5^ min^--1^)5 cm7 cm10 cm5 cm7 cm10 cm5 cm7 cm10 cmAluminum19.419.419.42.92.93.01.571.501.73Fluental22.022.422.63.43.63.41.321.201.07Teflon14.914.413.92.52.62.51.661.601.51 Table 4.Mean value of activation rate and dosimetry parameters with aluminum, Fluental and Teflon used as PMs with high thicknessesPM typeMean value of activation rate (×10^3^ min^--1^)Effective dose (μSv.min^--1^)Sensitivity (×10^4^ μSv^--1^)5 cm7 cm10 cm5 cm7 cm10 cm5 cm7 cm10 cmAluminum3.293.122.9415.613.911.91.011.081.45Fluental2.752.502.2313.611.48.90.971.051.20Teflon3.503.373.1913.811.99.41.201.341.61

As is evident from Tables [1](#RRS124TB1){ref-type="table"}--[4](#RRS124TB4){ref-type="table"}, hydrogenous materials such as paraffin and water provide better uniformity than other materials. Although the CV percentage, mean value and effective dose of paraffin and water PMs are somewhat similar, the sensitivity of paraffin is greater. According to Fig. [4](#RRS124F4){ref-type="fig"}B, secondary photon spectra of the facilities with water and paraffin PMs are also similar in the chlorine region of interest. For this work, paraffin was selected as the PM type.

Collimator {#s3b}
----------

In this section, the surface layer of the graphite collimator was replaced with some materials with a high (n,2n) cross-section. With regard to the results in the previous section, two paraffin slabs in the top and bottom of the phantom were used as PMs. To achieve the optimal situation, different thicknesses of PM were studied.
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Final facility {#s3c}
--------------

This section takes into consideration some of the characteristics of the final facility. CVH graphs of activation rate and thermal neutron flux for the whole body and some of the important organs are presented in Fig. [6](#RRS124F6){ref-type="fig"}. Figure [7](#RRS124F7){ref-type="fig"} illustrates a 2D plot of the activation rate, thermal neutron flux, fast neutron flux and energy deposition in a two-dimensional array at mid-depth of the phantom using a mesh tally of MCNPX code. The phantom was placed in a rectangular grid composed of 70 400 unit volume elements, of which just 23 000 elements were within the phantom. Thus, activation rate, flux and energy deposition were only reported through the phantom and the values of these parameters were considered to be zero outside the body. Fig. 6.Activation rate and thermal neutron flux volume histograms of some important organs. Fig. 7.2D plot of the activation rate (**A**), thermal neutron flux (**B**), fast neutron flux (**C**) and energy deposition (**D**) in a two-dimensional array at mid-depth of the phantom (*Y* = 0). A YZ-plot of energy deposition (**E**) located in X = --3 cm is also presented.

DISCUSSION {#s4}
==========

Pre-moderator {#s4a}
-------------

If the neutron sources merely have a thermal range, because of the high absorption capacity of matter for thermal neutrons, the activation rate falls off rapidly with depth within the body. So, using sources that emit high-energy neutrons is unavoidable. When such high-energy neutrons pass through the surface layers of the body, they lose their energy and are slowed down, by elastic or inelastic scattering reactions with their surroundings. Therefore, thermal neutron flux increases at the mid-depth of the phantom. In the absence of PM, thermal neutron flux distribution is raised in the middle part of the body, in contrast with the two ends. PM causes fast/epithermal neutrons to lose their energy and fall to epithermal/thermal range before they arrive at the body surface. In other words, the important role of the PM is to smooth depth activation. In addition, it is possible that some of the thermal neutrons, arriving directly from the sources, are absorbed into the PM. So the mean value of activation rate may decrease in the body. It is worth mentioning that because the activation rate is also dependent on the number of nuclei per unit volume, the CV value of the activation rate would be higher than that for the thermal neutron flux.

As is evident from Tables [1](#RRS124TB1){ref-type="table"} and [3](#RRS124TB3){ref-type="table"}, the CV values of the Al and Fluental PMs are around the same as in a setup without a PM; with high thicknesses of Fluental the CV value is even higher. Other PMs, except borated paraffin, provide a fairly satisfactory uniform distribution in the body. Hence, a comparison should be done between the other parameters, advantages and disadvantages of these PMs.

As shown in Fig. [4](#RRS124F4){ref-type="fig"}, with Al, Fluental and Teflon PMs, gamma ray spectra are dominated by peaks from the PM material and differ greatly from the ideal situation. Figure [8](#RRS124F8){ref-type="fig"} illustrates the prompt gamma neutron activation cross-section in terms of photon energy of Al and fluorine \[[@RRS124C22]\]. It can be observed that Al and fluorine have a high number of peaks in the range of 0--8 MeV. Thus, Al, Fluental and Teflon are omitted not only because of their high CV values, but also due to the production of undesired background noise in the detector spectrum. Fig. 8.Prompt gamma neutron activation cross-section in terms of photon energy of Al.

Regarding Table [1](#RRS124TB1){ref-type="table"}, it is expected that by increasing the thickness of Be, the CV value can be reduced. Although Be is a light element, the high ability of (n,2n) causes increasing epithermal neutron flux on the surface of body. On the other hand, because of momentum conservation, at least one of the neutrons produced in this reaction is directed toward the phantom. Nevertheless due to its spectrum, which has a peak at energies between 6 MeV and 7 MeV in chlorine ROI, it is not a good option to be used as a PM.

Among the other materials, paraffin and water have favorable uniform distributions with higher mean values than heavy water and graphite. In fact, hydrogen and neutrons have approximately identical masses. Thus, a neutron loses maximum energy in collision with a hydrogen atom. On the other hand, the small scattering angle of hydrogen makes hydrogenous material very convenient for the forward moderator. Therefore, hydrogenous materials such as water and paraffin would be appropriate choices.

Figure [5](#RRS124F5){ref-type="fig"} compares the induced activities resulting from irradiation of the phantom and the PMs. It is evident that the gamma spectrum for a water PM has a good agreement with the ideal spectrum as well as does the spectrum for a paraffin PM. The difference between the spectra obtained when water and paraffin are PMs is presumably due to the gamma rays generated via the inelastic scattering of neutrons with the carbon nucleus (4.43 MeV) in paraffin. However, both of these PMs are suitable considering the chlorine ROI.

Another limiting factor in IVNAA is the dose absorbed during the procedure. Clearly, it is desirable to deliver the smallest dose possible with the highest activation. The sensitivity analysis allows one to specify the setup that has the smallest effective dose with a reasonable mean value of activation. A paraffin PM is superior to water and heavy water PMs in terms of sensitivity. Moreover, using liquid PMs has some problems such as the necessity to waterproof containers, and the difficulty in transporting them, if there is a need to move the bed. For the aforementioned reasons, paraffin was selected as the PM material.

Collimator {#s4b}
----------

Using a neutron multiplier collimator can compensate for thermal neutron flux reduction and enhance the uniformity in the sample. As can be seen in Tables [5](#RRS124TB5){ref-type="table"}--[7](#RRS124TB7){ref-type="table"}, although a higher thickness of PM increases the moderation capability and the uniformity of thermal neutron flux, a greater number of thermal neutrons are absorbed into the PM, reducing the mean value of the activation rate. As a result of the flux reduction, the production of characteristic photons is reduced in the phantom and thus statistical error grows in the detector. Under these conditions, to obtain a reasonable result, the exposure time with a particular source should be increased. Moreover, because this enhances the production of undesirable photons in the PM (4.43 and 2.23 MeV), it is likely that the patient will receive a higher gamma dose. Table 8 shows that total effective dose was reduced by increasing the thickness of PM material. It could be the effect of the decreasing fast neutron population in the phantom and neutron dose decrement.

Studying the outcomes of Tables [5](#RRS124TB5){ref-type="table"}--8 indicates that despite reducing CV, MMR and effective dose in a setup with a thick PM, the reduced activation rate within the body makes it difficult to decide whether or not a thick PM is appropriate to use. Under these conditions, sensitivity could be an instrumental parameter. In accordance with the results, thicker paraffin slabs improve the sensitivity of the facility. However, there still remains the essential argument of whether or not the high photon production in thick PM corrupts the detector spectrum. Although the photons produced in paraffin slabs (2.23 MeV and 4.43 MeV) do not lie in the chlorine ROI (6 MeV to 8 MeV), due to the great number of photons emitted from the PM, a pulse pile up phenomenon affects the detector spectrum for energies beyond 5 MeV. Two or more photons are detected and (possibly) some deposited energies from them are recorded as a single event. In addition, if a high number of photons are received by the detectors, the lifetime of the detectors is shortened. The aforementioned reasons are alone sufficient to limit the PM thickness to 3 cm, however, the MCNPX code cannot consider them.

In the case of a collimator based upon Tables [5](#RRS124TB5){ref-type="table"} and [6](#RRS124TB6){ref-type="table"}, adding a Be layer with a thickness of 5 cm to the collimator reduces the CV value and increases the mean value of the activation rate. However, using a Be collimator leads to high background in the detector spectrum in the chlorine ROI (Fig. [5](#RRS124F5){ref-type="fig"}). Moreover, because of the strategic importance of Be to the defense and space industries and its expensive price, using this element as a collimator with such a large volume (97 800 cm^3^) is not affordable. Eliminating Be from the options, the best CV values are found with a graphite collimator without a neutron multiplier layer and a Bi collimator.

As shown in Fig. [5](#RRS124F5){ref-type="fig"}, for energies smaller than 4 MeV, all of the obtained spectra are very different from the ideal situation. However, detector spectra of the facilities without a multiplier layer and with a thick Bi layer have a reasonably good fit with the ideal spectra in the chlorine ROI. While, for a similar thickness of paraffin PM, the mean value and sensitivity of the setup with a 2-cm Bi layer on the collimator are higher than in the facility without a multiplier layer. Thus, a collimator with a 2-cm Bi layer is the optimum choice.

Final facility {#s4c}
--------------

A quick comparison of various thicknesses of PM using the selected collimator showed that 3 cm paraffin may be a suitable option. Looking at Table [6](#RRS124TB6){ref-type="table"}, by increasing PM thickness to 1.5 cm the mean value of activation rate increases slightly. But for thicknesses higher than 1.5 cm, the mean value is decreased. Moreover, reductions in the effective dose at the same thicknesses are adequate to increase the sensitivity parameter. Therefore, a paraffin slab with a 3-cm thickness is selected as the final PM.

Figure [6](#RRS124F6){ref-type="fig"} shows the activation rate and thermal neutron flux cumulative volume histograms. It is observed that the distributions of activation rate and thermal neutron flux are fairly uniform for some organs such as breasts, heart, thyroid, skeleton and brain. In other organs such as lungs, liver and large intestine, which are expanded through the body, the activation rate histograms drop with small slopes. The stomach wall, although it is a relatively small organ, does not have a smooth histogram because of its position in the body. Various parts of the stomach wall are located at different depths of body, so the activation rate is dispersed in this organ.

Figure [7](#RRS124F7){ref-type="fig"} depicts 2D-plots of activation rate, energy deposition, thermal and fast neutron flux in a two-dimensional array at mid-depth of the phantom. As expected, because of the low density of lung tissue, thermal neutron flux decreases in the lungs. In addition, in the upper part of the head and lower parts of the legs, the activation rate also reduces, due to the relative thinness of tissue in these parts and their increased distances from the sources. In addition to thermal flux, the activation rate is also dependent on the number of nuclei per unit volume. So for similar thermal neutron fluxes, bone tissue would be more activated than soft and lung tissues and the uniformity of activation rate would be reduced. The problem is even more complicated as thermal neutron flux is not uniform enough in the body. Figure [7](#RRS124F7){ref-type="fig"}B shows the reduction of thermal neutron flux in the mid-depth because of the high absorption of thermal neutrons in the media. In the boundary regions thermal fluxes are also low. According to the distribution of fast neutrons, it is apparent that in the surface layer of the body and in the region of the lungs, the moderating process is not intensive. In addition, because of the conical shape of the legs, there is little tissue between the two legs and so fast neutron flux is relatively high in this region. As a consequence, thermal neutron flux is not uniform within the phantom. So, because of the non-uniform distribution of thermal neutron flux and heterogeneities in the human body, activation rates are not adequately uniform. In future work, we will try to find a proper shape for PM, which can at least partly compensate for the effect of the heterogeneity of the phantoms. In Fig. [7](#RRS124F7){ref-type="fig"}D and [7](#RRS124F7){ref-type="fig"}E, the uniform energy deposition distribution can be observed. However, there are some light regions between the legs. These light regions are due to the existence of more fast neutrons in this part. In the head and trunk, fast neutron flux was reduced because of the moderation process at the same depth. So, the delivered dose in these parts was smaller than for the legs.

CONCLUSION {#s5}
==========

The main goal of this paper was to study the role of the PM and collimator in IVNAA facilities and to design an optimal setup that would reduce the CV of thermal neutron flux and improve activation rate distribution in large biological samples. The activation rate, neutron flux and energy deposition values were calculated in a latticed mathematical human phantom using the MCNPX code. According to the given results, paraffin and water provide the most uniform distribution among the studied cases. However, paraffin data shows better performance than water results in terms of effective dose and sensitivity. In addition, the PM is more easily constructed with paraffin than with water. So paraffin was selected as the PM material. In the next step, to increase the activation rate in the body, a surface layer of collimator was replaced with a neutron multiplier one. A smaller CV value was obtained using a Bi layer on the collimator and two paraffin slabs with a thickness of 3 cm on the top and bottom of the phantom. The final facility improves the uniformity from 13.9% to 12.7%. Although thick paraffin slabs (10 cm) decreased the CV value to around 10%, it was not a favorable choice owing to detection difficulties. The final setup provided appropriate mean values of activation rate (4.14 × 10^3^ min^−1^) and sensitivity (3.29 × 10^−4^ Sv^−1^) with an adequately small effective dose (12.6 μSv.min^−1^) compared with the other facilities.
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